One of the fundamental properties of cardiac muscle is the increase in force generated and work performed with a rise in the resting length of the tissue. There are data to indicate that length-dependent responses of electromechanical coupling and calcium binding by troponin are part of the basis for the pressure-volume relation in the heart. In this study, the contribution of changes in the functional properties of the contractile proteins independent of modification in electromechanical coupling has been examined. Isolated working hearts containing either a mixture of myosin heavy chain (MHC) isozymes (a [fast] and [slow]) or exclusively the fast MHC have been subjected to left atrial filling pressures (LAPs) between 5 and 20 cm H20. After 40 minutes at a given LAP, the heart was quickly frozen. The relative activities of calciumand actin-activated ATPase of V, and V3 myosin, containing a-and ,3-MHC, were measured in cryostatic sections of the heart by quantitative histochemistry under conditions for which the concentration of calcium would not be limiting. In hearts containing both isozymes of myosin, the relative enzymatic activity of each isozyme of myosin varied with LAP. At low LAP, V1 was primarily responsible for the enzymatic activity, but as LAP increased the relative contribution of V, decreased and that of V3 increased. The change in the calciumand actin-activated activities of the enzyme with change in LAP occurred within 5 minutes and was reversible. In spite of the apparent substitution of enzymatic activity of V3 for V,, total myosin ATPase activity did not decline, but instead remained constant. More force generators appeared to be functioning at the higher LAP, consistent with the greater amount of work performed. The decrease in V1 ATPase activity that was produced by raising LAP appears to reduce the increase in the V, enzymatic activity normally induced by ,B-adrenergic agonists or cAMP. These data indicate that there are length-dependent changes in the contractile properties of cardiac contractile proteins that modify enzymatic activity and presumably force production of the cells even at optimal calcium concentration. (Circulation Research 1991;68:1582-1590 O ne of the fundamental properties of cardiac muscle is the relation between resting volume and pressure or between resting length and force. The increase in the force generated by the heart with increasing resting length, originally described for amphibian hearts by Frank' and subsequently in mammalian hearts by Patterson and Starling,2 had no mechanistic explanation until modern techniques demonstrated the ultrastructure of the myocardial cell and allowed the study of the isolated From the
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One of the fundamental properties of cardiac muscle is the increase in force generated and work performed with a rise in the resting length of the tissue. There are data to indicate that length-dependent responses of electromechanical coupling and calcium binding by troponin are part of the basis for the pressure-volume relation in the heart. In this study, the contribution of changes in the functional properties of the contractile proteins independent of modification in electromechanical coupling has been examined. Isolated working hearts containing either a mixture of myosin heavy chain (MHC) isozymes (a [fast] and [slow]) or exclusively the fast MHC have been subjected to left atrial filling pressures (LAPs) between 5 and 20 cm H20. After 40 minutes at a given LAP, the heart was quickly frozen. The relative activities of calciumand actin-activated ATPase of V, and V3 myosin, containing a-and ,3-MHC, were measured in cryostatic sections of the heart by quantitative histochemistry under conditions for which the concentration of calcium would not be limiting. In hearts containing both isozymes of myosin, the relative enzymatic activity of each isozyme of myosin varied with LAP. At low LAP, V1 was primarily responsible for the enzymatic activity, but as LAP increased the relative contribution of V, decreased and that of V3 increased. The change in the calciumand actin-activated activities of the enzyme with change in LAP occurred within 5 minutes and was reversible. In spite of the apparent substitution of enzymatic activity of V3 for V,, total myosin ATPase activity did not decline, but instead remained constant. More force generators appeared to be functioning at the higher LAP, consistent with the greater amount of work performed. The decrease in V1 ATPase activity that was produced by raising LAP appears to reduce the increase in the V, enzymatic activity normally induced by ,B-adrenergic agonists or cAMP. These data indicate that there are length-dependent changes in the contractile properties of cardiac contractile proteins that modify enzymatic activity and presumably force production of the cells even at optimal calcium concentration. (Circulation Research 1991; 68:1582 -1590 O ne of the fundamental properties of cardiac muscle is the relation between resting volume and pressure or between resting length and force. The increase in the force generated by the heart with increasing resting length, originally described for amphibian hearts by Frank' and subsequently in mammalian hearts by Patterson and Starling,2 had no mechanistic explanation until modern techniques demonstrated the ultrastructure of the myocardial cell and allowed the study of the isolated organelles. After the sliding filament model of muscle contraction had evolved from studies of skeletal muscle,3,4 there was considerable enthusiasm for attributing the increase in contractile force of isolated cardiac muscle with increased resting length to a more favorable alignment of thick and thin filaments. For increased length to produce more favorable overlap, however, the thin filaments in the healthy resting heart should be overlapping each other. In fact, double overlap of thin filaments has rarely been observed in healthy resting hearts or even in individual myocytes because work is required to produce the necessary degree of shortening of the cardiac cells. 5 Changes in calcium activation of the contractile filaments in response to alteration of the resting length of the tissue have been observed. As the resting length increases, the amount of calcium that is released from the sarcoplasmic reticulum by stim-ulation of the cells is increased. 6 The increment in calcium release occurs over the same range as the increase in force, leading many investigators to conclude that this phenomenon is the basis for the length-dependent changes in the development of force. An increase in the calcium sensitivity of the contractile system at submaximal levels of calcium activation has also been observed and may be a second cause of the length dependency of contractile performance.7 Variable calcium sensitivity has recently been shown to be a property of cardiac troponin, in particular, the calcium-binding subunit. 8 Resting length is an important and variable signal to the contracting heart cell. Unlike the situation in skeletal muscle, in which resting length is primarily an indication of the position of a part of the body, in the heart the value for resting length is the consequence of the amount of blood flowing into the heart and the ability of the heart to eject blood against the existing peripheral resistance. In other words, it provides information about the demands on the heart and the degree to which the heart is satisfying those demands. The resting length parameter contains information relevant to the mechanics, kinetics, and energetics of the heart. It is our hypothesis that the heart uses this information for more than simple adjustment of force production.
In this study, the performance of the contractile proteins has been assessed as a function of filling pressure. To be able to define the hemodynamic state of the heart and still evaluate the contractile proteins without the interference of the excitation and electromechanical coupling processes, isolated working hearts have been placed under controlled hemodynamic conditions and then quickly frozen to prevent changes in the enzymatic activity of myosin in the intact heart. The ATPase activity of the contractile system has then been measured in cryostatic sections of the frozen heart. Since the thickness of the sections is about one third of the diameter of a ventricular cell, the cryostatic section permits rapid access of the bathing medium to the immediate vicinity of the myofilaments.
Multiple isozymes of myosin exist in the hearts of mature small mammals, and force generators have different kinetic and energetic properties depending on which of two isoforms of the myosin heavy chain (MHC) is present.9'10 Force generators containing different MHC isoforms can be distinguished since the ATPase activity of myosin containing the 13 heavy chain is alkaline labile; it is inhibited by strongly alkaline solutions. While the actual isozyme composition of the heart depends on the level of thyroid hormone and hemodynamics, the relative contributions of force generators containing the different isozymes of myosin to the contractile function of the cell have been shown to vary with the degree of neuroendocrine stimulation. Even with maximum calcium activation, force production may not be maximal, and, equally important, the relative contribution of the different types of force generators present in the tissue is neither constant nor necessarily in proportion to relative amounts of each force generator present in the tissue."
In this study the ability of the heart to use information about its resting state to adjust the performance of the different types of myosin isozymes and thereby the force generators containing the different isozymes of myosin has been examined. The results indicate that filling pressure has a substantial effect on the level of activity of the myosin present in the tissue, and different isoforms are influenced in different ways.
Materials and Methods
Rats were obtained from Charles River Laboratories, Wilmington, Mass., housed in the animal facilities at the University of Pennsylvania, Philadelphia, and maintained by the University Laboratory Animal Resources Department.
Hearts were obtained from 6-9-month-old male Wistar rats (weight 450-600 g) and 2-month-old male Wistar rats (weight 190-220 g) by rapid excision after decapitation by accepted (American Association for Accreditation of Laboratory Animal Care) procedure and were perfused using a modified isolated working heart apparatus based on the design of Neely et al. 12 The two different populations were used because the hearts from the younger group contained at least 90% a-MHC (the so-called fast isoform) and the older group contained approximately 36% ,3-MHC (the so-called slow isoform). The perfusion buffer contained (mM) NaCI 118, KCI 4.7, CaCl2 2.5, MgSO4 1.2, KH2P04 1.2, EDTA 0.5, NaHCO3 25, and glucose 11, and was equilibrated with 95% 02-5% CO2 at 370C. After a 10-minute equilibration period, with left atrial filling pressure (LAP) at 5 cm H20 and afterload at 100 cm H20, LAP was set from 5 to 20 cm H20 while the afterload was maintained constant at 100 cm H2O. Hemodynamic parameters including coronary flow, cardiac output, heart rate, systolic and diastolic aortic pressures, and aortic dP/dt were measured both continuously with a chart recorder and on-line at 10-minute intervals with a Labmaster analog/digital converter (Scientific Solutions Inc., Solon, Ohio) driven by a custom data acquisition software program written with the ASYST programming language and an IBM-AT personal computer. After perfusion for 40 minutes, the heart was removed and divided into left and right ventricles along the septum; each ventricle was immediately frozen in isopentane and liquid nitrogen for 1) ATPase measurements and 2) a-and f3-MHC determination by one-dimensional gel electrophoresis.
Calciumand actin-activated myosin ATPase activities were measured in 4-gum frozen cryostatic serial sections of left ventricle by using an established quantitative histocytochemical method.13'14 Tissue sections were first exposed to a solution containing (mM) sodium azide 5, ouabain 0.2, calcium chloride 28, and sodium barbital 6, at pH 7.0 or 10.5 for total and V, myosin ATPase measurements, respectively, at room temperature for 10 minutes. V3, but not V,, activity is inhibited by alkaline (pH 10.5) preincubation and is therefore considered to be alkaline labile. The tissue sections were then exposed to the same preincubation solution at pH 7.0 with either 1.5 or 5.0 mM ATP for actinand calcium-activated myosin ATPase, respectively. For measurement of calciumactivated myosin ATPase, tissue sections were then soaked in an incubation solution containing (mM) ATP 5, sodium azide 5, ouabain 0.2, calcium chloride 18, and sodium barbital 20. at pH 10.5 at 37°C for 5 minutes. The incubation solution used in determining actin-activated myosin ATPase contained (mM) ATP 1.5, sodium azide 5, ouabain 0.2, calcium chloride 10, magnesium chloride 10, and sodium barbital 20, at pH 9 and 37°C. Incubation lasted for 15 minutes. After incubation, all tissue sections were washed three times in 2% calcium chloride for 10 minutes, and then in a two-step substitution, 3% cobalt chloride and 40% ammonium sulfide were used to convert precipitated calcium phosphate to opaque cobalt sulfide. The optical density of the opaque tissue sections was determined with a videomicroscope (Carl Zeiss, Inc., Thornwood, N.Y.) at x7.6 magnification and custom software that determined the intensity of opaque material within the cells minus the background intensity yielding the optical density of the stained material. The extracellular space is not included in the measurement, so there are no effects of intercellular edema on the optical density. The optical density is linearly proportional to the ATPase activity of the tissue sections.'4 For each tissue specimen, 10 sample sections spaced throughout the ventricular wall were used for ATPase measurements. The SEM for the 10 sections was never greater than 3% and generally it did not exceed 2%. In hearts containing almost entirely one isozyme of myosin, variation was even less. V3 activity was defined as the difference in optical density between total activity and V, activity. The variability in the measurement of V3 ATPase activity is inherently greater than that of V1 because V, is measured directly while V3 is calculated as the difference between total and V, ATPase. V2 activity was assumed to be negligible.
The separation of a-and ,3-MHC was performed according to a modification of the procedure by Esser et al. 15 Frozen tissue was homogenized in 62.5 mM Tris buffer, pH 6.8 (1: 10 wt/vol). A portion of the homogenate was used to determine protein concentration with a standard protein assay reagent from Pierce Chemical Co., Rockford, Ill., and a Model 26 spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.). The remaining homogenate was diluted to yield a 1:20 tissue homogenate with 6.2 mM Tris, 2% sodium dodecyl sulfate (SDS), 10% glycerol, and 5% /3-mercaptoethanol at pH 6.8. Vertical SDS-polyacrylamide gel electrophoresis was performed on 1.5-mm-thick slab gels with an acrylamide concentration in the stacking gel of 3% T with 2.6% C (T is the total acrylamide concentration solution; C is the relative amount of acrylamide made up by the cross-linker, bisacrylamide). The separating gel was approximately 13 cm in height with a linear gradient of 4-9% T with 2.6% C. Sucrose (0.3 g/ml) was added to the 9% gel solution to provide a stabilizing density gradient. Fifteen micrograms of total protein was loaded on each lane. Bromophenol blue (0.5%) was added to each lane to act as a visual marker during electrophoresis. The gels were initially run at a constant current of 25 mAIgel for 30 minutes and then increased to 50 mA/gel for an additional 3.5 hours. The upper buffer chamber contained 125 mM Tris and 0.1% SDS at pH 6.8. The lower buffer chamber contained 750 mM Tris and 0.2% SDS at pH 8.8 and cooled to 15°C with a circulating water bath.
After electrophoresis, the SDS gels were placed in 10% trichloroacetic acid for 15 minutes to limit protein diffusion. The gel was then transferred to a staining solution containing 0.15% Coomassie brilliant blue R-250, 45% ethanol, 0.5% copper sulfate, and 10% glacial acetic acid for 12 hours. Gels were then destained for 4 hours in a solution of 0.5% copper sulfate, 10% glacial acetic acid, and 24% methanol and were finally placed in 10% glacial acetic acid for storage. Gels were scanned on a laser densitometer (Shimadzu Scientific Instruments, Columbia, Md.). The peak areas were analyzed using a custom integration software program written with the ASYST programming language.
For comparison of hearts under different conditions, all measurements made on the several hearts operating under the same conditions were treated as a single population. The results were evaluated by a one-way analysis of variance and Student's unpaired t test. Statistical significance was considered to be achieved whenp. 0.05. All values are expressed as mean±SEM.
Results

Hemodynamics
The hemodynamic performance of isolated working hearts was assessed by continuous analog measurement and periodic on-line digital analysis of heart rate, systolic and diastolic aortic blood pressures, cardiac output, and coronary flow (Figure 1 ), as well as the derivative of aortic blood pressure and the calculated value for cardiac work. These parameters were evaluated with LAP varying between 5 and 20 cm H20. It was not necessary to control heart rate because it remained essentially constant at 250 beats/ min. Systolic and diastolic blood pressures were maintained at approximately 100 and 50 cm H20, respectively. Cardiac work, calculated as the product of mean aortic pressure times cardiac output, varied from approximately 3,000 ml.cm H20/min at 5 cm H20 filling pressure to 5,800 ml-cm H20/min at 15 cm H20 filling pressure. Maximum dP/dt varied from an average of 4.0 at 5 cm H2O filling pressure to an average of 10.8 cm H20/msec at 15 cm H20 filling pressure. In accordance with the Frank-Starling law of the heart, cardiac output and cardiac work increased with elevation of filling pressure from 5 to 15 cm H20 and then remained constant between 15 and 20 cm H2O ( Figure  1 ). Over this range of filling pressures, coronary flow changed very little. When LAP was changed, the period of adjustment for the hemodynamics required 4-5 minutes for completion. After that period, the values measured every 10 minutes by on-line digital analysis had standard deviations of no more than 4% and generally no more than 2%.
Myosin ATPase Activity Perfused versus nonperfused hearts. To determine the relation between the enzymatic activity of cardiac myosin in the heart in situ and during perfusion, the hearts from some rats were quickly frozen immediately after removal from the animal for comparison with perfused hearts. During the removal of the heart, hemorrhage was allowed to occur in order to prevent the terminal dilatation of the heart that would otherwise have been produced. Therefore, the (Figure 2 ). Total calcium-and actin-activated myosin ATPase activities were not significantly different in the two populations, nor was there any difference in the relative contributions of myosin with a and ,B heavy chains to the total ATPase activities. As previously observed, both calcium-and actin-activated ATPase activities were uniform throughout the heart except for minor, gradual differences that were sometimes seen in the first two or three layers of cells in the endocardial region. Major differences among nearby cells were never seen.
The a and ,B isoforms of myosin in hearts from 6-9-month-old rats were 64+4% and 36±3% of the total, respectively. Since the ATPase activity of myosin with f-MHC is approximately 30% of the value when the heavy chain is the a isoform,l316l7 the relative contributions of myosin containing a and heavy chains should have been approximately 5 The values (+1 SEM) from five hearts frozen immediately after dissection are compared with those from five hearts that had been isolated and perfused at a left atrial fillingpressure of5 cm H20 for at least 40 minutes. There were no significant differences between values for nonperfused headts and headts perfused at 5 cm H20 left atrial fillingpressure (p>0.10). a-myosin heavy chain after 40 minutes of perusion at a left atrial filling pressure of 5-20 cm H20. Each point represents the mean ± SEMfor seven different hearts at 5 cm H20 left atrialfillingpressure and sixfor each ofthe rest. *Significant dfference at p<0.05. active or the proportion of enzymatically active myosins between the two isoforms was the same as the actual distribution within the tissue. The values measured for relative calcium-activated ATPase activity of V1 and V3 myosin in the unperfused hearts and the hearts that were perfused at 5 cm H20 LAP did not differ significantly from each other, the ratios being 5.6+1.4 and 6.3+1.8, respectively (Figure 2 ). These ratios differ by less than 1 SEM from the predicted value of 5.9. One may conclude, therefore, that either all myosin is enzymatically active or at least the two isoforms are active in the relative percentage found in the tissue. This is not true for actin-activated ATPase activity of myosin, inasmuch as the relative contributions of the isoforms with a-and ,B-MHC are approximately 1.6 and 1, respectively ( Figure 2 ). The simplest explanation for this apparent discrepancy is that myosin in the cryostatic section can exist in a form in which it can be activated by calcium, but not by actin. The significance of this state of myosin regarding the physiological function of the myofibrils is considered in "Discussion."5
Variable filling pressure. The relative activities of calciumand actin-activated myosin ATPase were measured as a function of LAP in isolated working hearts taken from two groups of rats: young animals approximately 200 g in weight, in which the MHC content was over 90% a isoform; and older animals weighing 450-600 g, in which the MHC was approximately 36% ,B isoform. The purpose of using the two groups was to see if the effects of filling pressure were different on the two types of myosins.
In hearts that contained almost exclusively a-MHC, changing filling pressure had only a very small effect on both calciumand actin-activated myosin ATPase activity (Figure 3 ). There was a small tendency for total ATPase activity to decline as filling pressure rose from 5 to 15 cm H20 and then to rise with a further increase in filling pressure to 20 cm H20. The contribution of myosin with /3-MHC to total ATPase activity was very small, as would be expected by the very small content of the ,3 isoform.
The results with hearts containing a substantial amount of ,3-MHC were quite different ( Figure 4 ). Total ATPase activity of both the calciumand actin-activated forms remained constant over the entire range of filling pressures that were studied, from 5 to 20 cm H20. However, there was a dramatic change in the relative contributions of myosin with a and ,B heavy chains. At low filling pressure, ATPase activity was primarily due to a-MHC. This changed as filling pressure was increased to 10 cm H20 and higher. The activity of myosin containing a isoforms decreased and that containing /8 isoforms increased. At 15 and 20 cm H2O filling pressure, the relative contributions of the two isoforms to calcium-activated ATPase activity became equal, and for actinactivated ATPase activity, enzymatic activity was primarily due to myosin containing the /3 isoform.
The effect of elevated filling pressure on the relative contributions of the two myosin isoforms to total ATPase activity was rapidly reversible. In four experiments, after 40 minutes of an elevated filling pressure of 15 cm H2O, LAP was reduced to 5 cm H20 for 5 minutes and then the heart was rapidly frozen. The ATPase activity measured in these hearts was the same as the value in hearts that have been filled by 5 cm H20 for the entire 45-minute period (Figure 4 ).
(Because of the large variability for the values for V3
actin-activated ATPase, the differences in mean values for hearts perfused for 5 or 45 minutes at 5 cm H20 LAP are not significant. The difference is less than 2 SEM from the value after 45 minutes at 5 cm H2O LAP.)
The ratio of calciumto actin-activated ATPase of myosin containing the a isoform is essentially constant over the range of filling pressures that have been studied. As filling pressure increases from 5 to 20 cm H20, the ratio of calciumto actin-activated Figure 6 . (There is no obvious explanation for the llyperfused at a higher left atrialfillingpressurefor single point that does not fall with the rest.) A and then reduced to 5 cm H20 left atrial filling regression line produced by the relation would pass 5 minutes. through a positive value on the axis for increment in actin-activated ATPase activity. It appears that the cAMP-induced increase in actin-activated ATPase ependence of regulation of calcium-and activity may have two components: an approximately rated hydrolysis of ATP at least in associaconstant increment in actin-activated ATPase activity changing preload (see "Discussion"). that is independent of any effect on calcium-activated f cAMP. The ATPase activity of myosin in ATPase and a second effect on actin-activated sections of quickly frozen hearts is in-ATPase that is related to the effect on calciumy the inclusion of 1 ,uM cAMP or 0.1 ,uM activated ATPase activity. This interpretation assumes nol in the incubation solution during the that the relation can be extrapolated, but extrapolassay. In unperfused hearts the extent of the tion may not be valid if the relation is nonlinear with .as been shown to be linearly related to the smaller increments of ATPase activity from cAMP.
relative amount of a-MHC that is present,'1 leading to the tentative conclusion that the effect of activation of the f3-adrenergic pathway is enhancement of contractile function specifically of myosin with the a isoform.
The relation between LAP and the enhancing effect of f8-adrenergic stimulation on V, or a-MHC was examined. An inverse relation exists between the increment in V, ATPase activity in response to cAMP and LAP ( Figure 5 ). This is true whether the increment in ATPase activity from cAMP is related to LAP or to the relative activity of actin-activated V3 ATPase used to estimate the effect of LAP on Discussion The studies with the isolated perfused heart relating hemodynamics to enzymatic activity of myosin have demonstrated several significant relations. 1) As the LAP is increased, there is a decline in the enzymatic activity of the total population of V, myosin and an increase in that of the total population of V3 myosin. 2) The modification of ATPase activity of each population of myosin isozyme with changing filling pressure is not accompanied by any significant change in total ATPase activity. Since V3 has only 30% of the ATPase activity of V, force generators, in 0.000 effect, the number of enzymatic sites and presumably active force generators increases with increased filling pressure in hearts with a mixture of isoforms.
Total force should increase with an increase in the number of active force generators since a change in the amount of force developed by an individual force generator with an increase in length is inconsistent with the linearity of the descending limb of the sarcomere length-tension curve.'s This result agrees with the observed increase in cardiac output and cardiac work over the same range of filling pressures. Adaptation of this type could not, of course, occur in the heart containing only a-MHC. 3) As increased filling pressure reduces the contribution of V, to the total ATPase activity, it also decreases the ability of cAMP to increase the ATPase activity of V, and presumably its participation in contraction at the increased filling pressure. 4) There appear to be two components in the change in function of myosin ATPase activity, one that alters actin-activated ATPase activity exclusively and a second that alters both calciumand actin-activated ATPase activities in approximately proportional amounts. Increased filling pressure affects the latter, and cAMP affects both. This existence of two separate regulatory mechanisms has been shown more directly in studies of isolated papillary muscles. 19 The change in the effective number of active force generators in response to modification of filling pressure should contribute to the increased work of the heart associated with a rise in preload. Components of this mechanism that have already been established as length dependent include the increase in calcium sensitivity of the contractile system from changes in the properties of the calcium binding subunit of troponin7,8 and the increase in release of calcium from the sarcoplasmic reticulum.6 Change in the relative contribution of the V1 and V3 force generators and the effective number of active force generators must be due to the modification of the properties of the contractile proteins themselves, inasmuch as they can be detected under conditions of constant calcium in thin sections of the frozen tissue.
The data indicate that two different kinds of regulation of myosin ATPase are occurring, one in which only actin-activated ATPase activity is altered and a second in which both actin-and calciumactivated myosin ATPase activities are altered. Calcium-activated ATPase activity of myosin occurs in the absence of magnesium ions and is a property of the enzyme that is unlikely to be important in the normal function of the cell. However, since it does not require myosin interaction with actin, measurements of calcium-activated ATPase activity can provide useful information about the catalytic activity of the protein as distinct from its binding to actin. One example is the very good correlation between calcium-activated ATPase activity and the maximum velocity of shortening of different striated muscles. [20] [21] [22] Changes in the basic catalytic activity of myosin are likely to be reflected in alteration of both calciumand actin-activated ATPase, whereas changes in the interaction of myosin with actin should modify only the actin-activated ATPase. The apparent independence of these two mechanisms has been demonstrated by the relative responses of calciumand actin-activated ATPase activity to cAMP. Large effects on actin-activated ATPase without change of calcium-activated ATPase of myosin have already been reported for cardiac muscle.2324 This is not surprising in that calcium-activated ATPase requires only the catalytic activity of myosin, but actin activation requires the extension of the crossbridge, release of inhibition of regulatory proteins, and interaction with actin.
Published observations have demonstrated differences in the state of crossbridges besides simple transition between relaxed and force-generating configurations. In x-ray diffraction studies of isolated rat heart, Matsubara and coworkers25,26 have shown that the crossbridges in the resting heart can be in two different positions, close to the thick filament and extended to the thin filament. Elevation of the concentration of calcium causes a relative increase in the mass of crossbridges in the immediate vicinity of the thin filaments without a commensurate increase in force.27 This has been explained by an increase in the number of weakly attached, non-force-generating crossbridges. In invertebrate skeletal muscle, the position of the crossbridges in the isolated thick filament can exist in two similarly different positions.29 Binding of calcium by the regulatory light chain of myosin produces an extension of the crossbridges from the backbone of the thick filament and leads to the development of tension in the presence of thin filaments. This is probably the basis for calcium-triggered contraction in the thick filament-regulated invertebrate system.29,30 Phosphorylation of the regulatory light chain of myosin in skeletal muscle appears to increase the attachment rate of crossbridges to actin, thereby increasing the rate of development of tension and, depending on the relative values for the rates of attachment and detachment, of force as well. 31, 32 Reduction of the ability of cAMP to raise V1 ATPase activity by the increase in resting length of the cardiac cells could explain why the effect of ,B-adrenergic stimulation on the contractile proteins is difficult to recognize in isolated preparations, which are generally stretched to near-optimal length to give large forces. It is interesting that the molecular basis for an antagonism between activation and inhibition of enzymatic activity of myosin has been shown in smooth muscle. Phosphorylation by myosin light chain kinase increases ATPase activity and force generation while protein kinase C reduces the increase produced by light chain kinase by 50-75%, and prior phosphorylation by protein kinase C substantially inhibits the subsequent phosphorylation by light chain kinase.33-37 Phosphorylation of cardiac regulatory light chain (LC2) by protein kinase C, however, has not been shown, and there are substantial differences in the sequences of the two forms of LC2.
One of the striking features of the system regulating the contractile proteins described in this and in previous papers relates to the regulation of the expression of the genes encoding the two isoforms of MHC. The conditions that enhance the activity of a given isoform in the existing population of myosin increase the synthesis of the same isoform. Increase in load and administration of a-adrenergic agonists increase the contractile activity of existing V3 and promote the accumulation of a larger number of transcripts and the synthesis of f3-MHC.38,39 On the other hand, an increase in /3-adrenergic stimulation leads to preferential contractile activity of a-MHCcontaining force generators and may be the basis for increased expression of the gene for a-MHC during chronic physical conditioning. These correlations suggest that regulation of existing isoforms of contractile proteins and increased expression of the genes encoding the proteins may share a common reaction in the sequences of regulatory reactions.
Recent data provide a basis for linking both shortterm selection from existing isoforms and long-term regulation of the synthesis of the same isoforms. Increased work in hearts suspended as Langendorff preparations causes a prompt increase in the activity of the proto-oncogene c-f0os40,41 followed by an increase in protein synthesis. Activation of protein kinase C in isolated myocytes by norepinephrine and by phorbol ester has also been shown.42 In cryostatic sections of rat heart and in hyperpermeable bundles of cardiac cells, a-adrenergic stimulation of rat heart leads to preferential enhancement of contractile activity of V3 force generators by a mechanism that is mimicked by phorbol esters, but not by inositol trisphosphate.43 It is tempting to propose, therefore, that stretch or a-adrenergic stimulation leads to activation of protein kinase C, which enhances contractile activity of V3 and a trans-acting regulatory factor that activates the gene for c-fos, a primary step leading to increased transcription of genes encoding contractile proteins. Although this hypothesis is speculative, it is amenable to experimental evaluation. It is also of interest to note that, on the basis of experimental data, a similar mechanism, involving protein kinase C modification of existing proteins, as well as factors regulating the expression of genes coding for the appropriate proteins, has also been proposed as an important component of certain kinds of memory. 44 A shift to V3 from V1 crossbridges has a beneficial effect for the intact heart since V3 crossbridges convert biochemical energy to mechanical work with greater economy than do V1 crossbridges.1045 The final distribution of active force generators between V1 and V3 may be the result of the effect of two opposing mechanisms, filling pressure and ,B-adrenergic stimulation. The former appears to activate a regulatory mechanism with a focus primarily on the economy of energy transduction, while the latter appears to be more responsive to the kinetic needs of the heart. Economy of energy transduction would be important when the heart experiences a greater load while concern for kinetics becomes primary during high rates of contraction produced by /3-adrenergic stimulation.
Hearts with only V1 force generators cannot exercise modulation of contractile activity by selection of specific isoforms of myosin; indeed, decreased contractile function of V1 in response to increasing filling pressure would be detrimental to the survival of the organism. Multiple regulatory states of a single isoform could, however, accomplish the same result, and work currently under way suggests that this is the case. 46 
